Background: Vorinostat, a histone deacetylase (HDAC) inhibitor, was investigated in combination with capecitabine plus cisplatin (XP) as a first-line chemotherapy for patients with unresectable or metastatic gastric cancer (GC).
Gastric cancer (GC) is one of the major leading causes of cancer-related deaths worldwide (Jung et al, 2014; Siegel et al, 2014) . For patients with unresectable or metastatic disease, palliative chemotherapy improves quality of life and survival. Fluoropyrimidine-platinum combination chemotherapy has been established as a standard first-line chemotherapy for these patients (Koizumi et al, 2008; Kang et al, 2009; Ajani et al, 2010) . With a better understanding of GC biology and the development of novel agents, the era of targeted therapies for GC has begun. For HER2-positive GC, trastuzumab has demonstrated improved survival outcomes when combined with chemotherapy (Bang et al, 2010) . Anti-angiogenic agents, such as ramucirumab and apatinib, have proven survival benefits in unselected GC patients when used as second-or third-line therapies (Li et al, 2013; Fuchs et al, 2014; Qin et al, 2014; Wilke et al, 2014) . However, the overall prognosis of metastatic GC patients remains dismal, and chemotherapies with greater efficacy are needed.
Vorinostat (Zolinza; Merck & Co., Inc., Kenilworth, NJ, USA) is an orally bioavailable histone deacetylase (HDAC) inhibitor that alters the level of histone and nonhistone protein acetylation, and thereby regulates gene expression, angiogenesis, cell proliferation, and cell survival (Bolden et al, 2006) . Vorinostat monotherapy is approved for the treatment of refractory cutaneous T-cell lymphoma (Duvic et al, 2007) . For GC, previous studies have suggested that HDAC expression and global histone modification may be associated with the prognosis of GC patients (Park et al, 2008; Weichert et al, 2008) . Multiple preclinical and clinical studies reported that this HDAC inhibitor may enhance the anticancer activities of cytotoxic chemotherapy (Dokmanovic et al, 2007) . This synergism was also observed in our previous in-house in vivo analysis of a murine GC xenograft model; when capecitabine or cisplatin was combined with vorinostat, their activities were enhanced ( Supplementary Figures 1 and 2 ). Based on these results, we performed a phase I/II study of vorinostat in combination with capecitabine plus cisplatin (XP) to explore the role of HDAC inhibition in treating GC. The results of our phase I dose-finding study have been previously published elsewhere (Yoo et al, 2014 ). In our current report, we present the results of our phase II study and biomarker analysis.
MATERIALS AND METHODS

Patients.
Patients with histologically documented unresectable or metastatic gastric adenocarcinoma were eligible for inclusion in this study if they met the following criteria: age between 18 and 70 years; Eastern Cooperative Oncology Group (ECOG) performance status of 0-2; completion of adjuvant chemotherapy 6 months before entry into the study, or no history of chemotherapy; adequate bone marrow, renal, and liver function; no prior radiotherapy; and estimated life expectancy of 43 months. For the phase II part of the study, a measurable lesion according to RECIST (version 1.1) was required for inclusion. Patients who had previously received capecitabine or platinum as an adjuvant treatment were excluded. Prior exposure to any HDAC inhibitor was not allowed, except valproic acid with a 30-day washout period. The study protocol was approved by the institutional review board of Asan Medical Center, Seoul, Korea, and all patients provided written informed consent before enrolment. The study was conducted in accordance with the Declaration of Helsinki and the Guidelines for Good Clinical Practice (ClinicalTrial.gov Identifier: NCT01045538).
Study design and treatment. This study was originally designed as a single-centre, phase I/II study. The maximum tolerated dose and recommended phase II dose (RP2D) of vorinostat-XP administered to patients with advanced GC were defined in the phase I part of the study that has been previously published (Yoo et al, 2014) . In brief, the dose-limiting toxicities of vorinostat-XP included thrombocytopenia, fatigue, stomatitis, and anorexia. The RP2D for the phase II part of the study was 400 mg vorinostat once daily on days 1-14, 1000 mg m À 2 capecitabine twice daily on days 1-14, and 60 mg m À 2 cisplatin on day 1 every 3 weeks. This RP2D was used in the current study. The dose modification scheme for treatment-related advent adverse events was as follows. For grade 4 neutropenia 45 days, grade 4 thrombocytopenia, or grade X3 febrile neutropenia, the doses of capecitabine and cisplatin were reduced by 25% in the subsequent cycle. Capecitabine was interrupted for grade X2 nonhaematological toxicities with appropriate therapy. If nonhaematological toxicities were resolved or decreased to grade 1, capecitabine was rechallenged with a dose reduced up to 50%. The dose of cisplatin was modified if the creatinine clearance decreased or grade X3 nausea/vomiting and Xgrade 2 neurotoxicity occurred. For haematological toxicities, the dose of vorinostat was reduced (100 mg reduction) if grade 3 toxicity occurred; for grade 4 toxicity, vorinostat was interrupted until recovery to grade p2 and restarted at a reduced dose. For nonhaematological toxicities, vorinostat was delayed and restarted at a reduced dose when the toxicity improved to grade p1 for grade 3 toxicity or discontinued for grade 4 toxicity. If more than two dose reductions were required, vorinostat was discontinued.
Assessment. At baseline, patients underwent a review of their medical history, physical examination, complete blood count (CBC) with differential counts, chemistry, electrolytes, coagulation battery, urinalysis, electrocardiography, chest X-ray, and computed tomography (CT) scanning of the abdomen and pelvis. Physical examinations, chest X-rays, CBC, chemistry, and electrolytes were repeated before each chemotherapy cycle. Tumour response was graded every two cycles according to the RECIST criteria (version 1.1) by the investigators. Toxicities were evaluated according to the National Cancer Institute Common Terminology Criteria for Adverse Events (version 4.03).
Circulating biomarker analysis. A peripheral blood sample (10 ml) was obtained from patients before study treatment and 2 h after ingesting vorinostat capsules at post-treatment day 8 of cycle 1. Peripheral blood mononuclear cells (PBMCs) were isolated by centrifugation using Lymphoprep (AXIS-SHIELD PoC, Oslo, Norway). Isolated PBMCs were lysed in M-PER buffer (Pierce, Rockford, IL, USA). The protein content was quantified using the Bradford assay (Bio-Rad, Hercules, CA, USA). Cell extracts were separated by SDS-PAGE and transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA) for western blot analysis. The blots were incubated overnight at 4 1C with primary antibodies against histone acetyl-H3 (Cell Signaling, Danvers, MA, USA), HDAC2 (Cell Signaling), p21 (Cell Signaling), and b-actin (Sigma, St Louis, MO, USA). The blots were stripped and reprobed for histone H3 (Cell Signaling), and images were quantified using Multi-Gauge v2.3 software (Fujifilm, Tokyo, Japan). Histone H3 acetylation was measured by quantifying acetyl-H3 band pixel intensity and normalising it to the respective H3 band in a representative immunoblot. The changes between the pre-and post-vorinostat acetyl-H3, HDAC2, and p21 levels were calculated for each patient.
Statistical analysis. The 6-month progression-free survival (PFS) rate with XP was B40% (P0) in a previous phase III study (Kang et al, 2009) . With the addition of vorinostat to XP, we hypothesised that the 6-month PFS rate would improve to 60% (P1) with a hazard ratio of 0.56. Using the log-rank method with a type I error of 0.1 and a power of 0.85, a total of 45 patients was necessary. According to the prespecified protocol, the outcomes of 7 patients who had measurable disease and were treated with RP2D in the phase I study were included in the current analysis. Therefore, 38 patients were additionally enrolled in this phase II study.
The primary end point of our current phase II study was the 6-month PFS rate. Secondary end points included the response rate, PFS, overall survival (OS), and safety profile. The Kaplan-Meier method was used to estimate the PFS and OS. The PFS was measured from the start of treatment to documented tumour progression or death from any cause, whichever occurred first. Overall survival was calculated from the start of treatment to the date of death from any cause. Efficacy parameters were analysed with inclusion of all patients who received at least one dose of study medication. A two-sided P-value of o0.05 was considered statistically significant, and SPSS 20.0 (IBM SPSS Inc., Chicago, IL, USA) was used for all statistical analyses.
RESULTS
Patients. Between 9 March 2012 and 4 July 2014, 38 patients were enrolled in the phase II part of this study. With the inclusion of 7 patients treated with RP2D in the phase I part, a total of 45 patients were included in this analysis. The baseline characteristics of the patients are summarised in Table 1 . The median patient age was 56 years (range ¼ 36-77 years), and 34 (76%) patients were male. There was a protocol violation that included one patient older than 70 years. However, all efficacy and safety analyses were done with inclusion of this patient according to the protocol. More than twothirds of the study patients (n ¼ 35; 78%) initially presented with metastatic disease. The most frequent metastatic sites were the lymph nodes (87%), liver (56%), and peritoneum (40%). The HER2 positivity was evaluated in all patients using immunohistochemistry and fluorescence in situ hybridisation (FISH), and there were no HER2-positive GC patients. The median follow-up duration was 8.6 months (range ¼ 5.4-32.9 months) in the surviving patients at the time of the analysis.
Efficacy. The response evaluation was available in all but two patients who were lost to follow-up before the first response assessment. There were no patients who achieved a complete response. The confirmed partial response was achieved in 19 (42%) patients, and stable disease was shown in 23 (51%) patients (Table 2 ). Figure 1 shows the waterfall plot of the changes in the sizes of target lesions. The 6-month PFS rate -the primary end point of this study -was 44.4% (95% confidence interval (CI) ¼ 28.7-60.1%), and the median PFS was 5.9 months (95% CI ¼ 3.9-7.9 months; Figure 2 ). The median OS was 12.7 months (95% CI ¼ 8.8-16.6 months).
After progression on vorinostat-XP, second-line chemotherapy was administered to 20 patients (44%). Taxanes (paclitaxel or docetaxel) and irinotecan-based chemotherapy were the most commonly administered second-line regimens (n ¼ 12 (60%) and n ¼ 5 (25%), respectively). The investigational targeted agents, including everolimus, were used in 3 (15%) patients. Five patients (11%) received subsequent third or later lines of chemotherapy. The median progression-free survival was 5.9 months (95% CI ¼ 3.9-7.9) and the median overall survival was 12.7 months (95% CI ¼ 8.8-16.6). The 6-month progression-free survival rate was 44.4%.
Safety. A median of 6 cycles (range ¼ 1-24 cycles) of vorinostat-XP were administered, and 4 patients were still receiving treatment with the study chemotherapy at the time of analysis. Study treatments were discontinued because of adverse events in 6 patients (13%) that included cerebral infarction (n ¼ 3), intracerebral haemorrhage (n ¼ 1), prolonged grade 3 thrombocytopenia (n ¼ 1), and prolonged grade 3 fatigue and anorexia (n ¼ 1). Doses of vorinostat, capecitabine, and cisplatin were reduced in 21 (47%), 33 (74%), and 26 (58%) patients, respectively. The study chemotherapy regimen was delayed in 30 patients (67%) because of toxicity. Adverse events developed in X10% of patients are summarised in Table 3 . There were no treatment-related deaths. The most common grade 3-4 adverse event was neutropenia (41%), followed by fatigue (34%), anorexia (32%), thromboembolism (27%), stomatitis (14%), and thrombocytopenia (11%). Febrile neutropenia occurred in 1 patient (2%).
Regarding thromboembolic events, embolic cerebral infarction occurred in four patients within the second cycles of study treatment, and all patients recovered without significant neurological deficit. There was a single case of popliteal artery thrombosis that occurred during the first cycle, and 4 patients with pulmonary embolism (1 patient in the first cycle, 2 patients in the fourth cycle, and 1 patient in the seventh cycle). Arterial thromboembolism was well managed with anticoagulation therapy, and there were no lifethreatening cases that required management in the intensive care unit. Deep vein thrombosis developed in 6 patients after a median 4 cycles of chemotherapy (range ¼ 1-7 cycles), and 3 of these patients simultaneously developed arterial thromboembolism.
Circulating biomarkers. For the biomarker analysis, blood samples were collected from all patients; however, analyses of acetyl-H3, HDAC2, and p21 levels were available for 40 patients (89%). In cycle 1 day 8 (C1D8), the levels of acetyl-H3, HDAC2, and p21 were significantly increased in comparison with those at cycle 1 day 1 (C1D1). The ratios of the biomarker levels (C1D8/C1D1) were a mean value of 4.31 (s.d. ¼ 4.96; Po0.001) for acetyl-H3, 5.08 (s.d. ¼ 6.80; Po0.001) for HDAC2, and 5.32 (s.d. ¼ 12.28; P ¼ 0.03) for p21. For the correlative analysis with survival outcomes, patients were grouped according to the median level of each biomarker. There were no significant associations between PFS and baseline acetyl-H3 (P ¼ 0.13), HDAC2 (P ¼ 0.16), and p21 (P ¼ 0.22). Baseline acetyl-H3 and p21 were significantly associated with OS (P ¼ 0.02 and P ¼ 0.03, respectively; Figure 3 ), but there was no relationship between baseline HDAC2 and OS (P ¼ 0.72). Patients with high baseline acetyl-H3 and p21 (4median) showed poorer OS in comparison with patients with low values (pmedian); for acetyl-H3, the median 8.8 months (95% CI ¼ 5.5-12.1 months) vs 15.9 months (95% CI ¼ 9.0-22.7 months; P ¼ 0.02); and for p21, the median 9.4 months (95% CI ¼ 5.9-12.9 months) vs 15.9 months (95% CI ¼ 8.4-23.4 months; P ¼ 0.03). The changes in acetyl-H3, HDAC2, and p21 after study treatment were not significantly correlated with PFS or OS.
DISCUSSION
In our current study, vorinostat-XP was feasible as a first-line chemotherapy for patients with advanced GC. However, this study did not meet its primary end point (6-month PFS rate of 60%), and is likely to be associated with increased adverse events, particularly haematological toxicities and thromboembolism.
With vorinostat-XP, the objective response rate was 42%, and the median PFS and OS rates were 5.9 and 12.7 months, respectively. The addition of vorinostat did not therefore appear to improve the clinical outcomes of GC patients, considering that the standard 3-weekly XP, which consisted of 1000 mg m À 2 capecitabine on days 1-14 and 80 mg m À 2 cisplatin on day 1, demonstrated an objective response rate of 46%, median PFS of 5.6 months, and median OS of 10.5 months in a previous phase III trial (Kang et al, 2009) . Compared with the standard XP regimen, there was only a mild dose reduction in cisplatin (60 mg m À 2 ) when administering XP as part of our current experimental regimen. In a recent phase III trial that compared different dosing schedules of cisplatin plus S-1 (another fluoropyrimidine derivative), a higher dose of cisplatin was associated with significantly increased PFS; however, the magnitude of PFS improvement was slight and there were no differences in OS (Ryu et al, 2015) . This suggests that the comparable efficacy of vorinostat-XP to standard XP may be related to the inactivity of vorinostat towards GC or insufficient synergism between vorinostat and cytotoxic chemotherapeutic agents in the clinical setting rather than the reduced dose of cisplatin.
Although there were no treatment-related deaths in our current cohort, vorinostat-XP seems to be associated with greater toxicities in comparison with the standard fluoropyrimidine-platinum doublet regimens (Koizumi et al, 2008; Kang et al, 2009; Ajani et al, 2010) . Grade 3-4 neutropenia, fatigue, anorexia, stomatitis, and thrombocytopenia occurred in 41%, 34%, 32%, 14% and 11% of our patients, respectively, and these rates are notably higher in comparison with the results of standard XP in previous phase III trials that reported rates of 16-30%, o1-2%, 2-6%, 2%, and 3%, respectively (Kang et al, 2009; Bang et al, 2010) . The increase in toxicities with the addition of vorinostat was inevitable in some aspects because the backbone XP in the current study regimen has only a mild dose modification from the standard XP. This is also consistent with the previous phase I trial on colorectal cancer patients who received vorinostat in combination with 5-FU plus oxaliplatin, in which haematologic toxicities and fatigue were increased in frequency and severity with the addition of vorinostat (Fakih et al, 2009) . Consequently, the increase in toxicities led to frequent dose modification and, in particular, study treatment was discontinued because of the treatment-related advent adverse events in 13% of the study population. This limited administration of study treatments might have had a negative impact on the efficacy outcomes with vorinostat-XP in our present study.
In our current patient series, thromboembolism developed in 27% (n ¼ 12) during study treatment. Of note, embolic cerebral infarction and pulmonary embolism -which are potentially lifethreatening events -occurred in 4 patients (9%) each, although all of these patients recovered without clinically significant sequelae. In previous Korean studies on unresectable or metastatic GC patients, the 6-month and 1-year incidences of thromboembolism were reportedly 2.5-9.4% and 3.5%, respectively Kang et al, 2012) . Considering that all patients included in our present study were Korean and the timing of development of thromboembolism was mostly within 4 months from the start of treatment, the high incidence of thromboembolism in our study cohort is likely vorinostat related, although a clear attribution to either vorinostat itself or its combination with capecitabine or cisplatin cannot be made because of the lack of a control arm in our trial. However, because not all previous studies on vorinostat reported an increased incidence of thromboembolism (Fakih et al, 2009; Munster et al, 2009; 2011) , our results might be due to the synergism between vorinostat and capecitabine or cisplatin on hypercoagulability. Further investigations are needed to evaluate the impact of the HDAC inhibitor on thromboembolism in cancer patients, and meticulous work-up for thromboembolism may be needed in clinical trials on HDAC inhibitors, at least when administered to GC patients or combined with capecitabine or cisplatin.
There is no established biomarker for predicting the efficacy of HDAC inhibitors (Stimson and La Thangue, 2009 ). Our present biomarker analysis showed that acetyl-H3, HDAC2, and p21 are useful pharmacodynamic markers for vorinostat. Although these results did not correlate with the PFS outcomes, the baseline plasma levels of acetyl-H3 and p21 were significantly associated with OS, suggesting their relevance as prognostic factors in patients with GC. A recent report suggested that HR23B might be the potential predictive factor for HDAC inhibitors (Khan et al, 2010; Ihle et al, 2015) ; however, this was not evaluated in our present study.
In conclusion, the combination of vorinostat with XP is not likely to enhance efficacy in comparison with standard fluoropyrimidine-platinum doublet regimens in patients with GC. Considering the accompanying higher toxicities, further clinical trials on the current study regimen do not seem to be warranted, at least for GC patients. Because our results may be due to the inactivity of vorinostat on GC or the irrelevant effects of its combination with XP, further investigations using different HDAC inhibitors in different settings (i.e., second-or third-line therapies) or with different backbone cytotoxic chemotherapeutics may be acceptable.
